This paper proposes a generalization of the fast parallel circuit simulation method for a power electric system by the circuit partitioning (CP) method which applys an explicit integration formula to selected energy storage elements such as inductors and capacitors. Specifically, the forward Euler (FE) formula is applied to selected series inductors and parallel capacitors. Then an implicit formula such as the backward Euler (BE) formula is applied for stable numerical integration, and the optimum step size is selected for each subcircuit. Additionally, a parallel processing method that utilizes thread processing techniques based on OpenMP application program interfaces with a multicore CPU and shared-memory system reduces its processing time. A general algorithm based on a thread processing technique, a subcircuit memory processing technique, and a binary variable step size method is proposed to utilize numerical processing at each time step synchronously and efficiently.
This paper proposes a generalization of the fast parallel circuit simulation method for a power electric system by the circuit partitioning (CP) method which applys an explicit integration formula to selected energy storage elements such as inductors and capacitors. Specifically, the forward Euler (FE) formula is applied to selected series inductors and parallel capacitors. Then an implicit formula such as the backward Euler (BE) formula is applied for stable numerical integration, and the optimum step size is selected for each subcircuit. Additionally, a parallel processing method that utilizes thread processing techniques based on OpenMP application program interfaces with a multicore CPU and shared-memory system reduces its processing time. A general algorithm based on a thread processing technique, a subcircuit memory processing technique, and a binary variable step size method is proposed to utilize numerical processing at each time step synchronously and efficiently.
A general-purpose parallel circuit simulation program is realized by the OpenMP API. After memory allocations, the input function, which reads netlist data, is called. Then all of the threads in the section syntax are activated and subcircuits are analyzed independently. The selected link inductors and capacitors are processed for their discretized sources in one thread. Subcircuits are allocated and solved in the other threads.
As an application example, consider the AC-DC converter in Fig. 1(a) . The circuit converts the input AC voltages of 50 Hz into a DC output voltage with a full-wave rectifier and the voltage is boosted and controlled with buck-boost converters operated at 25 kHz. The circuit is divided at the link capacitor according to the proposed CP method and is separated into a full-bridge rectifier and a DC-DC converter where C is replaced with a voltage source according to the FE formula in Fig. 1(b) .
The computed output capacitor voltage v C 1 and the rectifier current i r are shown in Fig. 1(c) . They are almost identical among the conventional, the CP without parallel processing (PP), the CP with PP (one single step), and the CP with PP (multiple steps) methods. Their maximum and minimum value are identical to almost 4 digits.
The CPU times are compared among the four types of methods, and they are shown in Table 1 . In the normalized ratios by the conventional method, the time is reduced to 93% by the CP without PP, to 75% by the CP with PP (single), and to 14% by the CP with PP (multi). When the step size is fixed at 0.8 µs, the CPU time can be reduced to 18%. However there was a large difference of about 1 V in the capacitor voltage. The proposed method is faster and more accurate.
This validates the proposed general-purpose numerical technique of the new fast parallel circuit simulation method. In AC motor drive systems such as induction motors or permanent magnet synchronous motors drive systems, the output power is generally restricted by the maximum output voltage of the voltage source inverters. Therefore, the unbalanced input voltage three-level inverter with an energy storage device connected in series to the DC voltage source was proposed to increase the output voltage (Fig. 1) .
In the unbalanced input voltage three-level inverter, the harmonic components of the output voltage must be analyzed, because two of the input DC voltage, DC source voltage E f , and an energy storage device voltage E c are not identical, unlike the conventional threelevel inverters.
The voltage harmonics contained in the output voltage with the multi-pulse mode PWM and in the output voltage with the single pulse mode PWM are analyzed theoretically by a Fourier series expansion. The sum of (1) and (2) expresses the harmonic components with the multi-pulse mode operations.
(3) expresses the harmonic components with the single pulse mode PWM Moreover, the voltage change in the energy storage device restricts both the output voltage and the output power of the unbalanced input voltage three-level inverter, because it is a voltage source inverter. Therefore, the distribution of the power that can be supplied by the energy storage device and a DC voltage source is evaluated, and the restrictions on the power supplied by each are revealed. Figure 2 shows a plot of the ratio of the power of the electric double layer capacitor (EDLC) as an energy storage device p c [W] to the inverter input power p in [W] against the modulation index.
DC link power p f [ W] and is expressed as follows:
Because the inverter input voltage is shared by three fifth in the DC link and two fifth in the EDLCs, the upper line in Fig. 2 starts to go down when the modulation index reaches 0.4. For the same reason, the lower line starts to go up when the modulation index is 0.6. The two lines intersect when the modulation index reaches approximately 1.
The output voltage characteristics when the ratio of the DC source voltage to the EDLC voltage changes are verified by experiments.
The results of the harmonic voltage analysis in this paper make it possible to calculate the loss of the load due to the harmonic current and cope with possible EMC problems. The results of the power distribution according to the DC input side voltages, especially the EDLC voltages, are essential for the design of the energy management strategy of the EDLCs because the EDLC voltages represent their energy which is controlled by their input and output power. Renewable energy systems, especially wind turbines and photovoltaic cells, experience power fluctuations that are subject to meteorological conditions. Therefore, energy buffers such as electric double layer capacitors, batteries, or flywheels are commonly applied in these systems to suppress power fluctuations. Flywheels are widely regarded as having the following advantages: (i) environmentally friendly operation, (ii) low maintenance cost, and (iii) long lifetime because chemicals are not involved in its structure.
This paper presents a low-cost structure for flywheel systems. The flywheel system is configured from several commercial products that include a transducer, general-purpose inverters, and an inexpensive microcomputer without any specific device as a controller. An inexpensive product is used for power detection, because of which a long delay time is introduced. The long delay time causes the control to become unstable. To improve the response time of the power control, a time delay compensation scheme based on the Smith predictor is used in the proposed flywheel system. In addition, the structure of the flywheel system uses low-cost ball bearings instead of expensive magnetic bearings. Therefore, the vibrations of the flywheel need to be evaluated. Figure 1 shows the block diagram of the proposed flywheel system, including the accessories. The power meter has a long delay time that affects the control system. The rotational speed of the Figure 2 shows the control block diagram of the power control that includes the Smith compensator. In a typical feedback control system, the system becomes unstable because of the phase lag caused by the delay time element. The compensator eliminates the effect of delay time by estimating the output of the controlled object G(s) after the lapse of delay time. Figure 3 shows the harmonic analysis of the power control. From the results, it is confirmed that the fluctuation pattern has a large frequency component between 0.01 Hz and 0.004 Hz. In contrast, the grid power fluctuations over 0.004 Hz are reduced by up to 84.6% by the power-leveling control. Figure 4 shows the analysis results for the vibrational velocity in the axial direction. The vibrational velocity is higher in the axial direction than in the radial direction; its maximum value is 2.4 mm/s. According to the Japanese industrial standards, the prototype system is classified to be in zone B, where the vibrational velocity is between 1.12 mm/s and 2.8 mm/s. Because the proposed flywheel follows the specifications for zone B, it can operate for long periods without any restriction. A novel zero voltage soft-switching (ZVS) high-frequency resonant (HF-R) inverter for induction heating (IH) applications is presented in this paper.
The circuit configuration of the proposed HF-R inverter is illustrated in Fig. 1 . By employing the newly developed phase angle difference (θ) control of two resonant current phasors U 1 and U 2 , the IH load power can be regulated over a wide range of output power setting under the conditions of ZVS while maintaining high efficiency in the proposed HF-R inverter.
The principle of power regulation based on the θ control scheme as shown in Fig. 2 is presented with theoretical analysis and simulation results, clarifying the wide-range power regulation and fullrange ZVS operations.
The essential characteristics on the output power regulations and the wide range soft-switching operations as depicted in Fig. 3 are demonstrated in an experiment with a 1 kW-60 kHz laboratory prototype. In addition to these, a high power conversion efficiency of over 95% for the proposed ZVS HF-R inverter prototype is demonstrated, and its excellent properties are verified in detail. Finally, the proposed ZVS HF-R inverter is evaluated from a practical point of view. Keywords: PDM control, zero voltage switching, delta-sigma conversion, space vector modulation, wireless power transfer This paper discusses pulse density modulation (PDM) control methods for a single-phase to three-phase matrix converter (MC) in high-frequency applications. The proposed circuit is used as an interface converter for a wireless power transfer system. This converter can take a frequency of several hundred kilohertz as input and output a general grid frequency, i.e., 50 Hz or 60 Hz, for power grids or commercial products. The proposed circuit implements a zero voltage switching (ZVS) operation by using PDM control methods and obtains high efficiency. In this paper, two PDM control strategies are proposed and compared: the delta-sigma conversion and the PDM pattern generation method based on space vector modulation (SVM). The proposed SVM method can solve the following two problems associated with the delta-sigma conversion method: the inverse voltage and the clamp phenomenon. Figure 1 shows the circuit configuration of the proposed singlephase to three-phase indirect matrix converter (IMC). This circuit is constructed by employing a diode rectifier as the input interface and a three-phase inverter for the rear side. The IMC structure is verified and confirmed in the experiment. Figure 2 shows the PDM control block diagram based on SVM. The switching signals generated by SVM are quantized by the pulse, where the pulse width is a half cycle of the input voltage. Figure 3 (a) presents the experimental waveforms obtained from the PDM control based on SVM.
Figure 3(b) shows the extended view of the interval "A" in Fig. 3(a) . The waveform of the output line to line voltage v uv demonstrates that the inverter switches at approximately each zero cross point of the 100 kHz sinusoidal input voltage. In addition, the clamp phenomenon does not occur. Figure 4 compares the efficiency characteristics of the PDM control using delta-sigma conversion and the PDM control based on SVM. From the results, the maximum efficiencies that the deltasigma conversion and the SVM method can obtain are 93.4% and 97.3%, respectively. From the results, it is seen that the proposed SVM control method can reduce approximately 59.1% of the total loss. Furthermore, the validity of both the delta-sigma conversion Keywords: matrix converter, PWM strategy, visualization, power factor control, duty cycle A matrix converter in Fig. 1 can directly convert three-phase AC voltages to three-phase AC voltages with arbitrary voltage and frequency. The output voltages and input currents of the matrix converter can be simultaneously controlled. The PWM strategy is usually explained based on the duration of the control period when the state parameters are treated as constant. Therefore, the evaluation and comparison among the different PWM strategies based on the visualized waveforms of the output voltage and the input current is difficult.
This paper presents a visualization for two PWM strategies of a matrix converter during input and output voltage periods. General relations for the duty cycles based on the input current references and the output voltage references are derived. Since these references are treated as continuous values in the time domain, the PWM strategy can be extended to the input and output voltage periods from the control period. Fig. 2 shows one of the visualized PWM strategies to reduce the number of commutations for switching loss reduction under a low carrier frequency compared with the actual one. In the region "example" in Fig. 2 , the conditions are the input voltages e r ≥ e s ≥ e t , the input current references i * r ≥ i * s ≥ i * t under unity power factor, and the output voltage references v *
The duty cycles are obtained using the instantaneous input power p as follows;
The gate signals of switching devices S ru -S tw are obtained from a comparison between the triangular carrier and the numerators p rup tw in (1). In the other regions, the switching patterns are similarly obtained. Therefore, the waveforms of the output voltage v uv and the input current i r during the output voltage period are obtained. In this study, two PWM strategies are directly evaluated by using the waveforms of the input current and the output voltage. The evaluations in the transient state with the change of the output voltage reference can be realized by using the visualized waveforms of the output voltage and input current.
The usefulness of the visualization of PWM strategy has been verified by comparison with the experimental waveforms. 
Introduction
Applications of inverters have been expanding. In some applications such as PV generation, UPSs, and high-speed motors, the quality requirements of the output waveform are stringent. In such applications, bulky filters are needed to eliminate harmonics in pulsed voltage waveforms of conventional 2-level inverters. Compared to this, multi-level inverters, shown in Fig. 1 , are expected to reduce the output harmonic components and the size of the harmonic filters. In this paper, the harmonics of multi-level voltage waveforms are analyzed theoretically for two typical PWM generation methods. As an application of the theoretical results, the output current is predicted successfully.
Theoretical Analysis of Harmonics in Output Voltage of Multi-level Inverters
The signal generation methods for multi-level inverters can be treated as a modified carrier comparison PWM method for conventional 2-level inverters. Consequently, the harmonics when the carrier-phase-shifted (CPS) signal generation method is applied are expressed based on the case of the 2-level inverter. The results are shown in the following and Fig. 2(a) .
In (1), f s and f 0 are the PWM carrier and fundamental frequency, m is the number of the output levels, E d is the input DC voltage, J k is the Bessel function, and A is the modulation factor. In the CPS method, the equivalent switching frequency of the output voltage becomes (m − 1) times the carrier frequency f s . On the other hand, the voltage waveform in the case of the carrier-disposition (CD) method can be analyzed in a similar way as shown in Fig. 2(b) . The difference in the harmonics between both methods can be confirmed in Fig. 2 even for the same carrier frequency of 2 kHz. In this way, the general expression of the harmonics in the multi-level voltage is obtained.
Application of Theoretical Analysis of Harmonics to Design Method for Inverters and Harmonic Filters
The load current can also be obtained quantitatively by using the expressions for the voltage harmonics and the load impedance for each harmonic frequency. Figure 3(a) shows the experimental waveform of the 5-level inverter with an RL series load. Figure 3(b) shows the load harmonic impedance and analysis results of the load harmonic current. We can see a good agreement between the theoretical and experimental results. Thus, the harmonic contents of the output current can be predicted by using the derived general expression for the multi-level voltage without any experiment or simulation. Furthermore, the derived expression for the harmonics can be useful in the optimal design of output filters. Keywords: DC-DC converter, soft switching (S-SW), zero current soft switching (ZCS), zero voltage soft switching (ZVS), secondary-side phase-shift pulse width modulation (SPS-PWM), circulating current reduction A new prototype of secondary-side phase shift (SPS) pulse-width modulation (PWM) DC-DC converter, as illustrated in Fig. 1 , is presented in this paper.
In the proposed DC-DC converter, soft-switching operations (ZVS in Q 1 -Q 4 and ZCS in Q 5 -Q 6 & D 7 -D 8 ) are achievable from full to no loads by utilizing the parasitic inductances of a highfrequency (HF) transformer. In addition to this, no circulating current occurs in either the primary-or secondary-side full-bridge circuits, as illustrated in Fig. 2 , consequently, the related idling power losses can be minimized in the proposed DC-DC converter. The features and outstanding advantages of the proposed soft-switching DC-DC converter are summarized below:
• The output power and output voltage are regulated by the active switch-mode rectifier operating at ZCS.
• No additional magnetic component or capacitor is necessary as compared to the improved soft-switching PPS-PWM DC-DC converters mentioned above. This is advantageous for achieving a high power density in addition to a light and compact size while decreasing the cost of development.
• No circulating current and the relevant power loss occur in either the primary-or secondary-side power stages over the wide load range.
• Full-range soft-switching operations can be achieved in all of the switching power devices.
• Wide-range power regulation can be attained with small phase shift angle variations.
• The output power can be regulated linearly with the phase shift angle, thereby making the control system simpler than the conventional ZVS PS-PWM DC-DC converters.
• The ZCS active rectifier-assisted SPS-PWM scheme can be widely applied to other converter topologies such as the halfbridge and center-tapped rectifiers. The circuit design guideline and procedure for the full-range soft switching operations are described in this paper. The output power and output voltage versus phase shift angle characteristics are demonstrated on the basis of theoretical analysis and simulation results.
Experimental results of a 1 kW-50 kHz laboratory prototype of the proposed DC-DC converter depict the full-range soft-switching operations and non-circulating current in the HF-link switch-mode full-bridge circuits. The experimental output power and output voltage regulations based on the SPS-PWM method are demonstrated. The power conversion efficiencies are illustrated in Fig. 3 , where a maximum efficiency of 93.8% is measured at P o = 1 kW.
A power loss analysis is carried out, and the conduction power losses in the secondary-side active switches which include IGBT and FRD, are essential for furtherer improving the efficiency of the laboratory prototype of the proposed DC-DC converter. Keywords: flywheel, matrix converter, transition control, direct transmission mode This paper discusses an uninterrupted power supply (UPS) with a flywheel and a matrix converter using a direct grid connection. A flywheel type UPS has a problem that the standby power is greater than that of a battery and an EDLC type UPS. To solve this problem, an operation known as the direct grid connection mode is proposed. In this mode, the matrix converter does not perform switching operations. Thus, the converter loss is remarkably low in the standby mode because there is no switching loss. However, a rush output current will occur when the mode of the matrix converter is changed from the PWM mode to the direct grid connection mode. In order to solve this problem, in this paper, a transition control that treats the output voltage to make it corresponds the input voltage is proposed. Figure 1 shows a UPS configuration with a matrix converter. The power grid side and the flywheel side are defined as an input and an output of the matrix converter respectively. The flywheel is driven by the induction motor. In the standby mode, the induction motor is driven by direct power from the grid via the matrix converter, which operates without switching. Figure 2 shows the state transition diagram of the control mode. In the automatic speed regulation mode (Mode I), the induction motor is accelerated up to the rating speed after starting up or after recovery from a short interruption. When the motor speed reaches the rating speed, the mode state is changed to the transition control mode (Modes II and III). In the transition control mode, the output voltage gradually corresponds to the input voltage. After that the mode state is changed to the direct grid connection mode (Mode IV). When a short interruption occurs in the power grid, the mode state is changed to the UPS mode (Mode V). In this mode, the load power is supplied from the flywheel. After the recovery from the short interruption, the mode state is changed to the automatic speed regulation mode. Figure 3 shows the experimental results of the output phase control. The input voltage v rs and the output voltage v uv are passed through a low pass filter (LPF), so that the phase difference between the input voltage and the output voltage can be identified. As a result, the output voltage phase corresponds to the input voltage phase within 0.6 s without rush current in the process. Figure 4 shows the experimental results of the transition control. During the AC chopper operation mode, it is confirmed that the output voltage waveform is similar to the output voltage of a V connection AC chopper. Moreover, the AC chopper duty is increased gradually, so that the output current is increased. In the direct grid connection mode, the output voltage waveform corresponds to the input voltage waveform. As a result a surge current does not occur during the transition period to the direct grid connection mode. Keywords: online diagnosis, variable load conditions, stator winding, short-circuit fault, fault probability, feature distribution
Owing to the extensive use of motors in industry, it is important that their operation be safe and consistent. Unplanned downtime of industrial processes can prove very expensive. The early identification of a faulty motor and its replacement are typically inexpensive compared to the costs of plant downtime and urgent repairs. Thus, a simple and effective method for fault diagnosis of motors to ensure their reliable operation is required.
This paper proposes a novel online diagnostic method for shortcircuit faults in the stator winding inside an induction motor running under variable load conditions.
The 3-phase currents flowing into a motor are measured, and the maximum value of the magnitude of each current is extracted as a feature. Figure 1 shows the 3-dimensional feature distributions obtained from a healthy motor and a motor with a 2-turn short circuit in the U phase. This figure shows that these features are distributed almost linearly and are independent of the load condition, and the distribution of the features of a 2-turn short-circuit fault is different from that of a healthy motor. In a fault diagnosis, the distance between the straight lines of the distribution of a healthy motor and the features obtained from the target motor is calculated. The fault probability, which is derived from a formulation of the normal distribution, is defined. The condition of the stator winding inside the motor is determined on the basis of this probability.
The effectiveness of the proposed diagnosis method is verified by performing experiments with healthy and faulty motors. Figures 2 and 3 show the fault probabilities for healthy and 2-turn shortcircuit motors, respectively. As shown in Fig. 2 , the probabilities are low for any load condition because there is no fault in the winding. On the contrary, as shown in Fig. 3 , the probabilities for the 2-turn short-circuit fault are higher than those for the healthy motor. The proposed diagnosis method is effective in detecting the short-circuit faults of the stator winding of a motor operating under various load conditions. Fig. 1 . Feature distribution of the current magnitude obtained from healthy and 2-turn short-circuit fault motor Fig. 2 . Fault probability for a healthy motor Fig. 3 . Fault probability for a motor with a 2-turn short circuit fault
Introduction
There are techniques for detecting the motor current with a sensor that is placed in the DC portion of the inverter. Also, when using a DC current sensor, there is a case that current cannot be reproduced. These PWM techniques have been modified so that the detection rate of the motor current is improved. However, these PWM methods distort the motor current. In addition the acoustic noise of the motor is increased.
In this paper, we theoretically explain the cause of the current distortion. The change of PWM generation causes distortion of current. We propose a PWM generation method using the three carriers. In addition, we also propose a method to reproduce the three-phase current from the DC current. Figure 1 shows the proposed 3-phase PWM that used three carriers. The U-phase is approximated with a triangular carrier, the V-phase with a down-saw-tooth carrier and the W-phase with an up-saw-tooth carrier. This paper calls this the symmetrical carrier PWM. Figure 2 compares the detection rate of the current to the modulation factor of each PWM method. The general triangular method cannot detect current when the modulation ratio is low. In contrast, Proposed Method 1 improves the detection rate of current when the modulation ratio is low. Figure 3 shows the FFT of the motor current of each PWM method. Although the general triangular method (a) has few harmonics, there is a problem with current detection. In contrast, the harmonics of the placement variable method (conventional method) (b) are large.
The proposed methods 1 and 2(c)(d) have few harmonics, and their current detection capability is also good. The distortion of current is small.
The proposed symmetrical carrier PWM method can improve the current detection rate of 3-phase current, reducing the current distortion. For this reason, it is applicable also to the motor drive system, for which acoustic noise is as important. 
The rotor position sensor is necessary to control Permanent Magnet Synchronous Motor (PMSM). However, the rotor position sensor such as resolver or Pulse Generator (PG) becomes causes of demerits, which are, for example, increase of the volume of motor, fault of power supply lines or signal lines of sensor, necessity of maintenance. To overcome these difficulties, sensorless control methods have been developed. The sensorless driving at zero speed, a method using a saliency PMSM has been proposed. However, applying the conventional techniques is difficult for Surface Permanent Magnet Synchronous Motor (SPMSM). This paper proposes a low speed sensorless drive for SPMSM which has small salient magnets. The study proposes the principle of anisotropy of the inductance of the SPMSM generated by the d-axis current and magnetic saturation by the magnet flux.
This paper focuses on a magnetic saliency which is increased by a magnetic saturation of SPMSM. Increasing +I d allows to cause a magnetic saturation. Furthermore, the phase detection at low S/N ratio by AC signal conversion of sin 2Δθ. And, the control an elliptical shape of inductance by magnetic saturation. Figure 1 shows the configuration of the Hilbert transform and the coordinate transformation according to the constant speed rotation axis and the magnetic pole position estimation unit. The constant speed rotation axis, Err xy is always observed as an AC signal. Figure 2 shows the elliptic shape and long-axis/short-axis ratio of high-frequency current when I d and I q are controlled with the Fig. 1 . The control configuration position sensor of SPMSM in Fig. 2 . At the origin, a salient pole ratio is 1.03. In contrast, when +I d is flowed, it will increase. Furthermore, the saliency has disappeared in the point of I d = 0 p.u, I q = 0.8 p.u, and the point of I d = 0.2 p.u, I q = 0.2 p.u. Therefore, it is necessary to avoid the range to which a salient pole ratio including these two points decreases.
By the proposed method with Hilbert transform, when there are 1.03 or more salient pole ratios, a position can be estimated. The current command I d re f , I q re f shown by B in Fig. 2 is selected. Figure 3 shows the test result of sensorless starting process of the SPMSM. The position θ, estimate position θ c , I u , and Err xy is shown. High frequency voltage V h is impressed so that high frequency current may become a 0.1 p.u. The starting characteristic is good. The salient pole ratio is 1.03, and its Err xy proportional to L q -L d can be seen. 
